Introduction
Despite recent advances in the management of trauma patients with multiple injuries [1] , traumatic brain injury (TBI) remains a leading cause of morbidity and mortality in young people [2] . A patient's neurological status after TBI is greatly dependent on numerous factors, including severity of injury (mild, moderate, or severe), mechanism (blunt or penetrating injury), and other patient factors [3] . While there have been significant improvements in TBIrelated mortality over the past 10 years [4] , more than half of patients suffer a poor neurological outcome or death after a severe TBI [5] .
Interestingly, epidemiological studies have demonstrated a shift in the population demographics in patients suffering TBI over the past 3 decades. Whereas the average age of patients suffering TBI was 25-29 years in the 1980s [6, 7] and 38 years in the 1990s [8] , more recent studies have shown that the average TBI patient is currently 42-53 years of age [9] [10] [11] . In this older population, increased medical comorbidities and vulnerability to the systemic effects of brain injury may significantly worsen the magnitude of neurological injury after TBI.
Neurological injury after TBI can be mechanistically classified into two stages: primary and secondary injury. Primary brain injury occurs at the moment of focal impact. In the hours following the trauma, secondary brain injury may result from changes in cerebral blood flow and intracranial pressure (ICP), hypoxemia, systemic hypotension, and cerebral edema. This secondary injury may be attenuated by the initiation of neuroprotective strategies employed in the emergency room and intensive care unit (ICU). Neuroprotective agents that target specific and limited steps in the extensive chemical cascade that results from TBI have all failed to demonstrate an improvement in mortality or neurological outcomes. Currently, the treatment of acute TBI focuses on reducing ICP and optimizing cerebral perfusion pressure (CPP); however, these treatment approaches fail to address the effects of secondary brain injury.
Several pharmacological neuroprotective agents have recently been studied with varying degrees of success. In 2012, McConeghy and colleagues reviewed the findings of studies published to 2012 in which pharmacological therapies were used to treat TBI [12] . The authors concluded that no pharmacological agent was shown to definitively improve neurological outcomes after acute TBI. Several agents such as progesterone and ciclosporin (cyclosporine) had shown promise in earlier phase II studies, however the results of larger studies at that time were pending. Since that time, the results of progesterone phase III trials have been published, and several new pharmacological agents have also been studied in humans with acute TBI. Ciclosporin phase III trials have not yet started. The purpose of this systematic review was to evaluate the recent clinical studies from January 2013 through November 2015 that investigated neuroprotective functional outcomes of pharmacological agents after TBI. This study provides new information on the pharmacological agents that have recently generated the most interest and evaluation, and which of these agents may show the most promise for the future treatment of TBI.
Methods

Search Methodology
The following databases were searched for relevant studies: MEDLINE (OvidSP January Week 1, 2013-November Week 2 2015), Embase (OvidSP 2013 January 1-2015 November 24), and the unindexed material in PubMed [National Library of Medicine/National Institutes of Health (NLM/NIH)]. All searches were conducted on 24 November 2015. The databases were searched using both controlled vocabulary words and synonymous free-text words for the topic of interest (traumatic brain injuries) and a list of pharmacologic neuroprotective agents (ciclosporin, antioxidants, statins, estrogen, glucocorticoids, etc.). The search strategies were adjusted for the syntax appropriate for each database/platform, and the search was limited to articles published as case reports, clinical trials, controlled clinical trials, multicenter or observational studies, randomized controlled trials, and observational studies. The search strategy was also limited to articles published since January 2013 (see the electronic supplementary material for the MEDLINE search strategy).
Inclusion Criteria
This systematic review included only full-length clinical studies and case series that included at least five patients and were published in the English language. Only studies that examined functional clinical outcomes were included.
Study Selection
Two reviewers (SG and BG) independently evaluated the titles and abstracts of the retrieved articles. Abstracts that did not include sufficient information to determine eligibility for inclusion were retrieved for full-text evaluation. The two reviewers independently evaluated all full-text articles and determined eligibility; disagreements were resolved by consensus agreement.
Data Extraction and Analysis
The same two reviewers independently conducted study evaluation and data extraction. The data extracted included the study design, sample size (total and in each group), pharmacological intervention and treatment protocol, outcome measures, results, and conclusions. A qualitative summary composed of these descriptive properties was created for each included study.
Results
A total of 662 articles were retrieved from the systematic literature search. After removing the duplicates, 527 articles were then screened (Fig. 1) . Of these articles, 502 were excluded because they were irrelevant (258 articles), non-human animal studies (165 articles), reviews (52 articles), in vitro studies (12 articles), reported either no outcomes or non-functional outcomes (7 articles), editorials (3 articles), were not written in English (3 articles), duplicate study published in two independent journals (1 article), or case series that included less than five patients (1 article). The 25 remaining studies were included in the analysis (Table 1) : 12 randomized control trials (RCTs), 10 retrospective chart reviews, 1 case control study, 1 prospective cohort analysis, and 1 case series. In total, 15 independent pharmacological therapies were tested. Pharmacological therapies tested in at least two articles included progesterone (3 studies), ethanol (3 studies), growth hormone (GH) (3 studies), erythropoietin (3 studies), barbiturates (2 studies), and statins (2 studies). The remaining pharmacological therapies were each tested in one study, including glibenclamide, N-acetyl-L-cysteine (NAC), marijuana, Enzogenol, b-blockers, cerebrolysin, ciclosporin, anticonvulsants, and nitric oxide (NO) synthase inhibitor Antipterin (VAS203).
Among the therapies recently tested, a neuroprotective benefit on functional outcomes after TBI was demonstrated with eight therapies: GH, statins, NAC, marijuana, Enzogenol, b-blockers, Cerebrolysin, and VAS203. No clinical benefit was demonstrated with administration of glibenclamide, ciclosporin, or anticonvulsants. Four agents demonstrated mixed results in recent studies, including progesterone, ethanol, barbiturates, and erythropoietin.
Pharmacological Agents with Demonstrated
Neuroprotective Effects After TBI
Growth Hormone
Patients with TBI-induced damage to the anterior pituitary often demonstrate behavioral and cognitive impairment, which may be related to GH deficiency [13] . GH deficiency is commonly observed after TBI and may contribute to cognitive and behavioral dysfunction in these patients [14] . Furthermore, GH is thought to facilitate neurogenesis, neuronal differentiation, and survival of neurons after TBI, and may play a role in facilitating neuronal recovery in TBI patients without GH deficiency. We identified three studies in which the potential neuroprotective properties of GH therapy after TBI were investigated in the setting of GH deficiency. In one casecontrol study, the effects of GH replacement therapy on cognition, activities of daily living (ADL), and quality of life (QoL) were investigated. GH replacement therapy was initiated in 23 patients (treatment) with cognitive and behavioral impairment, and severe GH deficiency (as defined by Prodam et al. [15] ) present at least 1 year after TBI [16] . The initial dose of GH replacement therapy was 0.3 mg/day, and was progressively titrated up to achieve an insulin-like growth factor (IGF)-1 plasma level between 0 and ?2 standard deviations (SDs) of the normal range for age. The treatment patients were compared with 27 matched controls who did not receive treatment. The mean Glasgow Coma Scale (GCS) score (i.e. TBI severity) in the treatment and control groups was 8.1 (SD 5.1) and 9.4 (SD 5.1), respectively. After 1 year of GH replacement therapy, the treatment group demonstrated a significant improvement (p \ 0.05) in most cognitive functions, such as attention and executive function, and a non-significant trend (p \ 0.07) towards improvement in spatial orientation and verbal memory test. Similar improvements were also demonstrated in ADL and four areas of QoL, including intellectual, psychological, functional, and personal domains. There was no significant association between the parameters improved by GH replacement therapy and severity of TBI. This study had several important limitations. The patients were not blinded or randomized, and treatment patients were selected based on specific criteria (i.e. severe GH deficiency), whereas most of the control patients had normal GH or only partial GH deficiency. Lastly, the small sample size (n = 50) precludes one from drawing clear conclusions, especially with regard to the effects of GH replacement therapy in patients with TBI of varying degrees of severity.
In a case-series study, the effects of GH therapy were investigated in 13 patients with cognitive and behavioral dysfunction present between 2.5 months and 11 years after severe TBI [17] . GH deficiency was identified in five patients, defined as peak GH values below 7.5 ng/mL in response to the GH-releasing hormone-arginine test. GH was initiated in all patients at 0.2 mg/day for 15 days, and subsequently increased to 0.8-1 mg/day depending on age, weight, and IGF-1 plasma levels. Patients were treated for a maximum of 8 consecutive months, where each 2 months of treatment were separated by 15 days without treatment. In all cases, a significant improvement in cognitive and behavioral function was demonstrated with GH therapy, regardless of whether the patient was GH-deficient. The patients' cognitive function improved earlier and more significantly than motor function, and no undesirable side effects were observed. However, this study was limited to only a few cases (13) , there was no adequate control group to compare, and the time to initiate treatment was highly variable (2.5 months to 11 years after TBI). Therefore, the specific effects of the hormone could not be precisely determined.
In a third study [18] , the Pfizer International Metabolic Database was retrospectively reviewed, and patients with GH deficiency caused by TBI (n = 564) and non-functioning pituitary adenoma (n = 3773) were compared with Duplicate study n=1 Less than 5 patients n=1 Furthermore, TBI patients demonstrated normalized socialization after 1 year of GH replacement therapy, and normalized self-confidence and tenseness after 6 years. There was no normalization of tiredness or memory observed. The authors concluded that GH replacement therapy results in long-term clinical benefits in QoL in patients with TBI. Importantly, however, the authors did not address the patients' severity of TBI in the study. Furthermore, this study was retrospectively conducted and, as with the other two studies, adequate conclusions cannot be drawn because patients were not randomized. Although the effects of GH on facilitating neurogenesis, neuronal differentiation, and neuronal viability after TBI are well known, it is important to differentiate the potential of GH as a neuroprotective agent to improve functional outcomes from its use as a medical therapy in GH-deficient patients. Currently, very little is known about the effects of GH replacement in TBI patients without GH deficiency. Of the three recent studies, only one study [17] described the use of GH replacement therapy in eight patients with severe TBI without GH deficiency, and demonstrated improvements in cognitive and motor function. While these results are certainly intriguing, the small number of patients and lack of randomization precludes the ability to draw any conclusions regarding potential neuroprotective effects of GH. Moreover, none of the recent studies reviewed were RCTs, and were all therefore subject to important biases. While GH therapy is an interesting and potentially useful pharmacological therapy after TBI, it is currently unclear when therapy should be initiated, for how long, and which patients may benefit from its use. Large RCTs are needed to determine if GH therapy will have an important role in humans after TBI, especially in TBI patients without GH deficiency.
Statins
Previous studies in animal models of TBI have demonstrated that statin therapy results in long-lasting improvements in functional outcomes after TBI, and enhances neuronal survival in the hippocampus [19] . It has been proposed that statins induce neurogenesis and angiogenesis after brain injury, which may account for the observed neuroprotective effects in animal models [20] . However, few studies have examined the potential impact of statins on functional outcomes in humans after TBI.
Two recent studies, one RCT and one retrospective chart review, recently examined the neuroprotective effects of statins after TBI. The first study investigated whether rosuvastatin initiated within 24 h of moderate-to-severe TBI could reduce inflammatory cytokines and improve functional outcomes in humans [21] . Nineteen patients were randomized to receive rosuvastatin at a dose of 20 mg daily for 10 consecutive days, and 17 patients were administered placebo. Levels of tumor necrosis factor (TNF)-a, interleukin (IL)-1b, IL-6, and IL-10 were measured prior to initiation of treatment and at 72 h after TBI. The levels of TNF-a were significantly reduced in the rosuvastatin group, but IL levels did not differ significantly between the groups. Moreover, treatment with rosuvastatin was associated with a reduction in disability score, indicating a favorable functional outcome at 3 and 6 months after TBI. No adverse effects associated with rosuvastatin treatment were observed. The results suggest that statins reduce proinflammatory mediators and improve functional outcomes after TBI in humans. However, it should be noted that these conclusions are based on a disability score at 3 and 6 months in a limited number of patients (n = 36). A second study [22] retrospectively reviewed the charts of 93 TBI patients receiving chronic statin therapy, and compared the outcomes of patients who were either continued on statin therapy within 48 h of hospital admission (n = 46) or in whom statins were discontinued (n = 15). The primary outcome measures were in-hospital mortality, the incidence of at least one complication, and length of hospital stay of more than 1 week. The study demonstrated that patients who discontinued statin therapy had a fourfold higher mortality rate compared with patients who continued statins. Statin discontinuation did not have a higher complication rate or higher proportion of length of hospital stay [1 week. The authors concluded that abrupt, unintended discontinuation of statin therapy is associated with an increased risk of mortality in the elderly TBI population. Importantly, while this study demonstrated medical risks of abrupt discontinuation of statins, this does not imply that statins are neuroprotective or improve functional outcomes. Moreover, this study was limited by a retrospective study design (and lack of randomization) and small sample size. However, taken together, these studies suggest that statins are worth investigating further, and larger RCTs are needed to better assess the potential role of statins and optimal dose to provide clinical benefits after TBI.
Marijuana
Cannabinoid analogs have been shown to have neuroprotective properties in animal models by a reduction in glutamate neurotoxicity, free radical damage, and inflammation [23] . Preclinical studies in animal models of TBI have demonstrated that the cannabinoid analog dexanabinol is highly neuroprotective [24] , and early phase I [25] and phase II [26] clinical trials have suggested that dexanabinol is safe and may improve the control of ICP. However, a multicenter, phase III RCT in 861 patients demonstrated that the administration of dexanabinol within 6 h of TBI was safe but was not efficacious in improving functional outcomes such as the 6-month extended Glasgow Outcome Score (GOS), mortality, improvement in ICP, or QoL [27] . Importantly, it should be noted that all patients in the phase III trial were administered a single dose of intravenous dexanabinol within 6 h of TBI, and the chronicity and timing of cannabinoid exposure may play an important role with regard to any potential neuroprotective effects.
A recent 3-year retrospective chart review studied whether a positive tetrahydrocannabinol (THC) screen on admission to a surgical ICU was associated with a reduced mortality after TBI [28] . Overall, 446 cases were identified, of which 82 (18.4 %) had a positive THC screen. The mortality rate in the THC-positive group was 2.4 % compared with 11.5 % in the THC-negative group (p \ 0.05), and a THC-positive screen was independently associated with survival after TBI [odds ratio (OR] 0.224; p \ 0.05). While the authors concluded that a positive THC screen is associated with a decreased mortality after TBI, these results should therefore be interpreted with caution. The study does not necessarily imply that the improvements in functional outcomes were the direct result of the pharmacological effects of THC. A THC-positive test does not specify the dose, timing, or chronicity of THC use prior to TBI. Furthermore, patients were not randomized and their use was limited to before the injury, therefore it is impossible to determine whether there is a clinical utility of THC treatment in the setting of TBI. While studies have demonstrated neuroprotective properties of marijuana (and other cannabinoid analogs) in animal models, more studies are needed to ascertain the potential benefits (if any exist) of cannabinoids in humans with TBI.
b-Blockers
Severe TBI is often associated with a tremendous catecholamine surge, known as 'paroxysmal sympathetic storm', which may result in worsening secondary brain damage and multi-organ failure [29] . The increased sympathetic activity reflects abnormally elevated plasma concentrations of the catecholamines epinephrine and norepinephrine in the first week after TBI, which subsequently leads to a pathologic vasoconstriction of cerebral vessels, reduced perfusion to the brain, and subsequent worsening of the brain injury. In recent years, there has been growing evidence to suggest that in-hospital treatment with b-blockers improve survival in patients after TBI [30] . It has been hypothesized that the beneficial neuroprotective effects of b-blockers result from a downregulation of the catecholamine surge that occurs after TBI.
We identified a retrospective chart review that examined in-hospital mortality in 662 patients with severe TBI, 159 of whom were exposed to pre-TBI b-blockade [31] . The study found that patients exposed to b-blockade and no bblockade had a mortality rate of 13 and 22 %, respectively (p = 0.01). The absence of b-blockade exposure was a significant risk factor for mortality. The authors concluded that pre-injury b-blockade improved survival following isolated severe TBI; however, because the study was retrospective and not randomized, the optimal b-blocker, timing, or dose is not known. Moreover, the differences in mortality demonstrated in this study do not necessarily reflect the pharmacological effect of b-blockers. Indeed, the mechanism of the presumed neuroprotective effects of b-blockers is purely speculative and could not be definitely ascertained by this study. Prospective RCTs are needed before making any recommendations regarding their use in TBI patients.
N-acetyl-L-cysteine
NAC is a US FDA-approved pharmacological therapy that has been safely used in patients for more than 40 years. The neuroprotective benefits of NAC have been demonstrated in animal models of stroke and TBI [32, 33] , and appear to be mediated by its antioxidant and anti-inflammatory properties [32] . The neuroprotective effects of NAC were studied in a double-blind, placebo-controlled RCT in solders suffering from signs of mild TBI after blast injury, including balance dysfunction, confusion, sensorineural hearing loss, headache, impaired memory, and sleep disturbances [34] . The primary outcome measured was the resolution of these symptoms 7 days after the blast exposure. After a baseline evaluation, 81 individuals were randomly assigned to receive either NAC or placebo for 7 days (4 g loading dose followed by 4 g for 4 days and 3 g for 3 days). By 7 days, the treatment group had a significantly higher resolution of symptoms compared with the placebo group (OR 3.6; p \ 0.01). Secondary analysis demonstrated that the treatment patients had an 86 % chance of complete resolution of symptoms within 24 h of a blast TBI compared with 42 % of placebo patients. This was the first study to demonstrate the neuroprotective effects of NAC in humans with blast-induced mild TBI. Although these results seem promising, the study had a small sample size and the demonstrated clinical benefits of NAC were limited to mild TBI and blast injuries. The neuroprotective benefits of NAC should be further investigated in larger clinical trials with more extensive TBI and other mechanisms of injury.
Enzogenol
Enzogenol is a pine bark extract from New Zealand that has been shown to have antioxidant and anti-inflammatory properties [35] . A recent phase II RCT studied the efficacy of Enzogenol for improving cognitive function after mild TBI [36] . Sixty patients with cognitive dysfunction 3-12 months after mild TBI were randomized to receive either Enzogenol (1000 mg/day) or placebo for 6 weeks. Subsequently, all patients were administered Enzogenol for 6 weeks, followed by placebo for 4 weeks. Cognitive failures and working and episodic memory were assessed at baseline, and 6, 12, and 16 weeks. Enzogenol was safe and well tolerated and resulted in a significant reduction in cognitive failures after 6 weeks, with improvements in the frequency of self-reported cognitive failures. The authors concluded that Enzogenol might reduce self-perceived cognitive failures 3-12 months after mild TBI. Although the implications of this study are very promising, the sample size was small (n = 60), the measured outcomes were limited, and the clinical benefits were demonstrated only in mild TBI. Larger RCTs are needed to determine which patients may benefit from Enzogenol treatment after TBI.
Cerebrolysin
Cerebrolysin is a neurotrophic agent that mimics the endogenous actions of neurotrophic factors on neuroprotection and repair after injury, and has been successful in improving cognitive function in Alzheimer's dementia and after stroke [37] . A recent double-blind, placebo-controlled, randomized phase II pilot study investigated the effects of Cerebrolysin on cognition in patients after mild TBI [38] . Patients were randomly assigned to receive either a once-daily intravenous infusion of Cerebrolysin at 30 mL over 60 min for 5 days, or placebo (same volume and administration of normal saline). The outcomes measures were differences in cognitive function, including MiniMental State Examination (MMSE), and Cognitive Abilities Screening Instrument (CASI) scores at 1 week, between baseline and week 4, and between baseline and week 12. The authors demonstrated that the CASI score difference in the treatment group between baseline and week 12 was 21, versus 7.6 in the control group (p \ 0.05). Furthermore, drawing function and long-term memory were improved in the treatment group (p \ 0.05). This study did not investigate whether Cerebrolysin resulted in any reduction in mortality, and the results were demonstrated in a small sample size (n = 32). However, larger RCTs should be conducted to further investigate the neuroprotective effects of Cerebrolysin, and to determine which patients may benefit from its use after TBI.
Nitric Oxide Synthase Inhibitor
NO is an important compound in promoting secondary brain injury after TBI by causing cerebral dilation and induction of the production of reactive nitrogen species [39] , and inhibition of NO-mediated cascade has been shown to decrease ICP and improve outcomes in animal models of TBI [40] . We identified a phase IIa RCT that examined the neuroprotective effects of NO synthase inhibitor 4-amino-tetrahydrobiopterin (VAS203) [41] . Thirty-two patients were randomly assigned to one of three cohorts: patients in cohort 1 received three 12-h intravenous infusions of VAS203, followed by a 12-h infusionfree interval over 3 days (total dose 15 mg/kg); cohorts 2 and 3 were randomized to receive either VAS203 or placebo as an infusion for 48 or 72 h, respectively (total dose of 20 and 30 mg/kg). The primary endpoints were ICP, CPP, brain metabolism, the therapy intensity level, and extended GOS (GOS-E) after 6 months. No significant differences were observed between the treatment and control groups with regard to ICP, CPP, and brain metabolism. Therapy intensity level on day 6 was significantly decreased in VAS203-treated patients, and GOS-E after 6 months was significantly higher in the treatment group (p \ 0.01); however, at the highest treatment dose, four of eight patients showed transient acute kidney injury (stage 2-3). Like Cerebrolysin, this study did not investigate whether VAS203 resulted in any reduction in mortality, and the results were demonstrated in a small sample size (n = 32). However, larger RCTs should be conducted to further investigate the neuroprotective effects of VAS203.
Pharmacological Agents with no Demonstrated
Neuroprotective Effects After Traumatic Brain Injury (TBI)
Glibenclamide
The administration of glibenclamide, a sulfonylurea medication commonly used to treat hyperglycemia in patients with type II diabetes mellitus (DM), has been shown to improve neurological outcomes after stroke in humans [42] , reduce secondary brain injury, and improve functional outcomes in animal models of TBI [43, 44] . Glibenclamide has been suggested to exert neuroprotective effects blocking the sulfonylurea receptor 1 (SUR1), a nonspecific water channel that plays an important role in the development of cytotoxic cerebral edema following TBI [45] . However, the role of glibenclamide in providing neuroprotective effects in humans after TBI is largely unknown. A recent retrospective study examined whether glibenclamide treatment pre-and post-TBI in diabetic patients would have better neurological outcomes compared with diabetic TBI patients who were not treated with glibenclamide [46] . The authors identified 3453 TBI patients over an 11-year period, of which 32 non-surgical patients with type II DM were treated with glibenclamide at admission through discharge to control blood glucose (glibenclamide group). A second group of non-surgical diabetic TBI patients (n = 38) were treated with insulin to control their blood glucose level (insulin group). Neurological outcomes, as measured by GCS, GOS, length of hospital stay, and the development of progressive secondary hemorrhage, were compared between the two groups. The authors failed to demonstrate any improvement in neurological outcome in patients treated with glibenclamide. However, the study had several significant limitations, including its retrospective study design, long time span, small sample size, and the absence of long-term outcome follow-up. At this time there are insufficient data to draw adequate conclusions regarding the neuroprotective properties of glibenclamide.
Cyclosporin-A
In vitro and animal studies have demonstrated that ciclosporin confers neuroprotection by inhibiting calcineurin, thereby inhibiting NO-mediated glutamate neurotoxicity [47] . We identified a recent randomized, double-blind, placebo-controlled study [47] that randomly assigned patients to receive either ciclosporin 5 mg/kg/24 h via 250 mL DW 5 % (n = 50) during the first 8 h after TBI, or only 250 mL DW 5 % without ciclosporin (n = 50). The primary outcome measures were GOS-E and MMSE in the third and sixth month after TBI. The study demonstrated that there were no differences in GOS-E or MMSE after 3 and 6 months, and there were no increased adverse events in the treatment group. The authors concluded that ciclosporin is not effective in improving consciousness or cognitive function after TBI. At this time, there are insufficient data to recommend that ciclosporin be used to treat acute TBI.
Anticonvulsants
Anticonvulsants are commonly administered after TBI to prophylactically reduce the risk of early seizures [48] . Although phenytoin has historically been the agent of choice for post-TBI seizure prophylaxis [49] , levetiracetam has emerged as an attractive alternative because of its simpler dosing regimen and more favorable side effect profile [50] . A prospective RCT [51] that compared phenytoin and levetiracetam after TBI failed to demonstrate any differences in seizure activity; however, patients who received levetiracetam had an improved Disability Rating Score and GOS-E at 6 months compared with patients who received phenytoin. This finding, combined with similar findings in earlier preclinical and clinical studies [52, 53] , have led some experts to suggest that levetiracetam has neuroprotective properties [54] .
However, the potential neuroprotective effects of anticonvulsant therapy and impact on functional outcomes after TBI are largely unknown.
In a prospective cohort analysis [55] , 19 patients who received either phenytoin (n = 14) or levetiracetam (n = 5) for more than 48 h for severe TBI were contacted by telephone for GOS-E evaluation at least 6 months after severe TBI. The primary endpoints were GOS-E and the presence of early (0-7 days after TBI) or late ([8 days after TBI) seizures. The authors found no differences in GOS-E scores 6 months or more after severe TBI, and no differences in the rate of early or late seizures. The authors concluded that long-term functional outcomes in patients with TBI were not affected by treatment with phenytoin or levetiracetam. Therefore, at this time there is insufficient evidence to recommend either phenytoin or levetiracetam therapy in patients after TBI.
Pharmacological Agents with Mixed Results
After TBI
Progesterone
In the past decade, the potential neuroprotective effects of progesterone after TBI have gained increasing attention [56, 57] . Progesterone rapidly crosses the blood-brain barrier and has several properties that make for a potentially useful pharmacological therapy after TBI, including antioxidant, anti-inflammatory, and remyelination effects after injury [58] . Two small RCTs clearly demonstrated improved outcomes with progesterone administration after TBI, which subsequently paved the way for larger RCTs [59, 60] . In one study published in 2008, Xiao and colleagues conducted a prospective, randomized, placebocontrolled trial in which 159 patients were randomized to receive either progesterone or placebo after TBI [59] , and found that progesterone improved neurological outcomes for up to 6 months. In the other study, published in 2007, Wright and colleagues conducted a phase II, randomized, double-blind, placebo-controlled trial in which 100 patients were randomized to receive either progesterone or placebo after TBI [60] . These investigators demonstrated that patients who received progesterone had a lower 30-day mortality than controls, and moderate TBI survivors were more likely to have a moderate or good outcome. Three of the 25 clinical studies we identified explored the potential neuroprotective properties of progesterone therapy after TBI. In the first study, treatment was initiated in 76 male patients within the first 6 h after trauma, with associated diffuse axonal injury and a GCS B8 [61] . Either medroxyprogesterone tablets (treatment) at a dose of 1 mg kg -1 or placebo (control) were administered every 12 h via a nasogastric tube for 5 days. The authors demonstrated that patients with a GCS between 5 and 8 who were administered progesterone had a better GOS than control patients (p \ 0.05). Patients with a GCS\5 in both groups had a poor outcome, including 12 patient deaths (31.6 %) in the progesterone group and 17 (44.7 %) in the control group (not significant).
In a phase III, multinational, placebo-controlled trial (SYNAPSE), 1195 patients with severe TBI (defined as GCS B8 and at least one reactive pupil) were randomly assigned to receive progesterone or placebo [62] . Treatment was initiated within 8 h after the injury and consisted of a loading dose of 0.71 mg kg -1 h -1 for 1 h, followed by 0.5 mg kg -1 h -1 for 119 h. The primary outcome measure was the GOS score at 6 months after the injury. Secondary outcome measures included GOS score at 3 months, mortality at 1 and 6 months, and GOS-E score. Primary and secondary efficacy analyses failed to demonstrate any clinical benefit of progesterone in patients with severe TBI.
In a phase III, double-blind, placebo-controlled RCT (PROTECT III), the efficacy of early intravenous administration of progesterone after acute TBI was investigated [63] . Treatment was initiated within 4 h after injury in patients with a GCS of between 4 and 12, which consisted of a 1-h loading dose of 0.71 mg/kg/h, 71 h of a maintenance infusion of 0.5 mg/kg/h, and a 24-h infusion taper. A total of 882 of the planned 1140 patients underwent randomization before the trial was stopped due to a lack of favorable outcomes in the progesterone versus placebo groups (51 vs. 55.5 %, respectively). Phlebitis or thrombophlebitis was more frequent in the progesterone group, and no differences in mortality rates were observed between the two groups. Despite promising preclinical and early RCTs, the results of the two recent large phase III studies have failed to demonstrate any improvement in functional outcomes with progesterone treatment after TBI. In light of these studies, progesterone treatment after TBI cannot be recommended at this time.
Ethanol
Ethanol is a known inhibitor of N-methyl-D-aspartate (NMDA) receptor-mediated glutamate neurotoxicity, and studies have suggested that ethanol may have significant neuroprotective effects in the setting of TBI [64] . Previous studies on the effects of acute or chronic ethanol intoxication have yielded inconsistent results.
We identified three recent retrospective chart reviews that examined the effects of ethanol on mortality after TBI. In the first study [65] , 405 patients were retrospectively grouped according to blood alcohol concentration (BAC) on hospital admission after TBI: no BAC (n = 99), low BAC (\2.3 %, n = 140), and high BAC ([2.3 %, n = 166). The primary outcome measures included 6-month mortality and unfavorable neurological outcome (GOS 1-3). The authors found that low BAC independently reduced the risk of 6-month mortality compared with no BAC or high BAC, and there was a trend towards a reduced risk of 6-month unfavorable outcome in patients with positive BAC compared with negative BAC. The authors concluded that a positive BAC after TBI may have neuroprotective effects with respect to both mortality and neurological outcomes.
A second recent study [66] retrospectively reviewed the charts of 23,983 patients with severe TBI, and examined the effects of ethanol intoxication on in-hospital complications and mortality. It was demonstrated that the 5461 (22.8 %) patients who tested positive for ethanol intoxication were more likely to have in-hospital complications (p = 0.001) and a higher mortality rate (p = 0.01) compared with patients who were not intoxicated. These investigators concluded that ethanol intoxication was an independent predictor for mortality in patients with severe TBI, and is associated with higher complication rates.
A third study [67] retrospectively reviewed 383 charts and grouped patients according to BAC ([0.5 %, defined as 'positive'; and \0.5 %, defined as 'negative'). The primary endpoint in this study was mortality. The authors demonstrated that patients in the ethanol-positive group had significantly lower GCS (9.64 vs. 12 points; p = 0.005), increased lactate, and a lower mean arterial pressure on admission. No differences in mortality rate were observed between the ethanol-positive and ethanolnegative patients (19.6 vs. 21.5 %). Similarly, hospital stay (15.29 vs. 17.55 days) and duration of ICU treatment (8.53 vs. 8.36 days) were similar between groups. As patients with a positive ethanol test had a higher incidence of severe TBI and worse physiological parameters on admission, yet similar hospital course and survival rates, the authors concluded that ethanol might have a neuroprotective role in the setting of TBI.
At this time, it is difficult to draw conclusions regarding the possible neuroprotective properties of ethanol. All of the studies were observational and retrospective, and their use was limited to before the injury. Performing an RCT with ethanol would likely be impractical for ethical reasons, and it is therefore difficult to ascertain how ethanol might be used in future treatment after TBI.
Barbiturates
Intracranial hypertension is common in TBI patients [68] and, if not corrected, is associated with secondary brain injury and worsened outcomes. Barbiturates are a nonsurgical treatment that have been used since the 1970s to lower ICP [69] . Although the exact mechanism is poorly understood, the effects of barbiturates on lowering ICP have been attributed to the inverse steal phenomenon, a reduction in cerebral oxygen consumption and metabolism, and free radical oxygen scavenging [54] . Despite its effects in lowering ICP, prospective RCTs performed in the 1980s demonstrated that barbiturate use after TBI is associated with an increase in risk of infection, as well as increased cardiovascular and pulmonary complications [70, 71] . Therefore, although the effects of barbiturate treatment on functional outcomes in select subgroups of TBI patients are uncertain, experts have recommended against the prophylactic use of barbiturate coma in the treatment of TBI.
We identified two recent retrospective studies that examined the neuroprotective effects of barbiturates after TBI. In the first study, the charts of 1172 patients with severe TBI were retrospectively reviewed in 13 centers across five European countries, and investigated the effects of barbiturates on ICP, use of vasopressors, and short-and long-term outcomes [72] . Short-term outcome measures included injury severity and treatment factors, mortality, and GOS. Patients were categorized into three groups, depending on barbiturate dose. The authors demonstrated that \20 % of patients with severe TBI were administered barbiturates, and 6 % were administered high doses. Highdose barbiturates resulted in a 69 % decrease in ICP but significant hemodynamic instability and increased use of vasopressors. The use of barbiturates had no effect on short-or long-term outcomes after TBI.
In a second retrospective chart review [73] , 36 cases were reviewed in which high-dose barbiturates were administered for refractory intracranial hypertension after severe TBI in children for at least 6 h. The primary outcome measures were control of refractory intracranial hypertension and pediatric cerebral performance category scores at hospital discharge and at 3 months. It was noted that 10 patients (28 %) achieved control of their refractory intracranial hypertension, 10 patients survived, and survival was more common in patients with controlled intracranial hypertension. Nineteen of the 22 surviving patients had an acceptable neurological outcome (pediatric cerebral performance category \3) at 3 months or longer, and only three returned to normal function. Lastly, control of refractory intracranial hypertension was associated with a better pediatric cerebral performance category score and a more than twofold increase in acceptable long-term outcomes compared with patients who had refractory intracranial hypertension despite high-dose barbiturates. However, it should be noted that because the study was retrospective and not placebo-controlled, it is impossible to ascertain whether the improvement in clinical outcomes were associated with the reduction in ICP or possible neuroprotective properties of barbiturate therapy. At this point, it seems clear that barbiturate therapy should not be used indiscriminately in all TBI patients. While some patients with refractory intracranial hypertension after TBI may benefit from its use, definitive conclusions cannot be drawn at this time.
Erythropoietin
Erythropoietin has been shown to possess anti-inflammatory and anti-apoptic properties, and has neuroprotective effects in animal models [74] . We identified three recent RCTs that investigated the neuroprotective effects of erythropoietin after TBI. In the first study [75] , 200 patients who were unable to follow commands and were identified within 6 h of TBI were enrolled. The study had two objectives: to assess the effects of early administration of erythropoietin, and to compare the effect of two hemoglobin transfusion thresholds on neurological outcome. A factorial (2 9 2) randomization design was used to compare the administration of erythropoietin or placebo, and separately compared the effects of a hemoglobin transfusion threshold of 7 versus 10 g dl -1 . The primary outcome measured was GOS at 6 months after TBI. The authors failed to demonstrate a significant difference between study groups with regard to neurological outcome and mortality; however, the incidence of thromboembolic events was significantly greater in patients with a transfusion threshold of 10 g dl -1 compared with 7 g dl -1 (21.8 vs. 8.1 %, respectively; p \ 0.01). The authors concluded that erythropoietin administration is ineffective in providing neuroprotection in human TBI, and that maintaining hemoglobin concentrations with transfusion is not beneficial and may even be harmful in TBI patients.
In a second recent RCT [76] , 42 patients admitted to the ICU within 6 h of severe TBI were randomized to receive either 10,000 IU of erythropoietin (n = 24) or placebo (n = 18) for 7 consecutive days. The primary outcomes of the study were unfavorable neurological outcomes at 6 months (GOS-E 2-4, or death), probability of an equal, greater, or lesser GOS-E at 6 months, proportion of surviving patients with an unfavorable outcome (GOS-E 2-4 at 6 months), and 6-month mortality. The study demonstrated that six patients (42 %) died within the first 2 weeks; two (8.3 %) in the intervention group and four (22.2 %) in the control group (p \ 0.01). Patients in the control group had a lower rate of good outcomes (GOS-E 6.6 vs. 4.2, respectively; p \ 0.005). The authors concluded that erythropoietin may be effective in limiting neurological damage after TBI, resulting in lower mortality and improved neurological outcomes.
In a third, larger RCT, 606 patients were randomized in the first 24 h after moderate or severe TBI to receive either 40,000 IU of erythropoietin (n = 308) or saline solution (n = 298) subcutaneously once weekly for a maximum of three doses [77] . The primary outcome measure was an improvement in neurological status, summarized as a reduction in the proportion of patients with a GOS-E of 1-4. The study demonstrated that erythropoietin did not reduce the proportion of patients with a GOS-E level of 1-4, nor did erythropoietin increase the 6-month mortality of the occurrence of deep vein thrombosis (DVT). Although the early study demonstrated promising results with erythropoietin administration after TBI, the two more recent, larger, phase III trials failed to demonstrate the neuroprotective properties of erythropoietin, and even suggested that erythropoietin may cause harm. Therefore, in light of these recent studies, the administration of erythropoietin is not recommended after TBI.
Conclusions
TBI often results in devastating individual disability and a significant burden on society related to long-term care. Therefore, neuroprotective pharmacological agents that can be used to reduce or eliminate secondary brain injury after TBI are greatly needed. We reviewed 15 potential pharmacological agents that were recently investigated in 25 clinical studies. While there is currently no single pharmacological therapy that will unequivocally improve clinical outcomes after TBI, several agents have demonstrated promising clinical benefits for specific TBI patients. However, the positive studies are limited and many of the conclusions are based on retrospective studies or prospective studies conducted in a small sample size. Importantly, several agents such as cannabinoids, progesterone, and erythropoietin have demonstrated potential neuroprotective effects in preclinical and early clinical trials, but failed to show any improvement in functional outcomes after TBI in larger, phase III trials. Prospective RCTs are widely regarded as the 'gold standard' for measuring the efficacy of a particular intervention, and employ strict inclusion, exclusion, and treatment criteria that result in a high degree of 'internal validity' [78] . However, RCTs compare therapeutic agents with placebo, and not with existing treatment options that are more reflective of clinical practice. Therefore, these RCTs may have a limited external validity. As such, many experts have argued that RCTs should be supplemented by more modern statistical techniques, such as comparative effectiveness research, in order to draw more meaningful conclusions regarding the effectiveness of an agent [78] . Moreover, differences in outcomes may reflect differences in the studies' treatment protocols, and better definition of inclusion criteria, triggers for intervention, or treatment targets may help aid in the identification of more effective drug treatments. The evidence we provided in this updated systematic review of the literature may greatly contribute to the interpretation of the recent literature and design of future studies.
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